Small debris, from 100 μm to 1 mm, can cause severe damages when impacting on a spacecraft surface. However for this size range there is a lack of data. Therefore it is important to develop systems able to estimate accurately the number of impacts at which a spacecraft is exposed during its lifetime. An active in-situ debris sensor has been developed for this purpose and will be mounted on a small satellite, which will operate in polar orbit for a mission of one year. The sensor's area is 81 cm 2 for a weight of 23 g. Two types of information can be deduced: the number of impacts and the approximation of debris size. On this paper is reported the installation of the sensor on the small satellite as well as its working principle. Besides, minimum detectable size of debris and collision probability have been estimated. The latter has been calculated to be only 2.8% due to the smallness of the detector and to the shortness of the mission. Nevertheless its capability to detect broken lines and to transmit the data to OBC has been demonstrated. Thereby this active in-situ space dust measurement system is very promising for its lightness, low-cost, and ability to provide immediate data on the space debris population. 
Space debris situation
Debris are useless man-made space objects in Earth orbit or re-entering the atmosphere [1] [2] [3] . Their story begins with the first launch of a space system, the satellite Sputnik-1, in 1957. In 2005 it has been estimated that about 5,800,000,000,000 debris were orbiting the Earth with a size ranging from 100 μm to several meters 4) . This large number represents a preoccupying situation for the well-being of current and future missions. Thus it is essential to assess accurately the number of impacts due to debris at which a spacecraft can be exposed during its mission time in order to design reliable spacecrafts.
Debris impact flux calculation
The number of debris impacts relatively to time is called the impact flux. It can be obtained by numerical calculations using two types of model, MASTER (Meteoroid And Space debris Terrestrial Environment Reference) or ORDEM (ORbital Debris Engineering Model). It is given by: (1) However, between models the results vary greatly 5) for debris sizes higher than 100 μm and 1 mm resulting in an inaccurate estimation of the number of impacts. Moreover debris belonging to the size range of 100 μm -1 mm are not detectable by ground observations and the inspection of retrieved surfaces did not give much more information regarding this debris size range due to their low impact frequency 5) . Nevertheless and despite their small size, this kind of debris can be harmful to spacecrafts and in the worse case might cause their loss 6) .
Space debris detection systems
To keep a watch on debris population, there are several ways. First are ground observations, which utilize radars and optical telescopes to track space debris. For low Earth orbit (LEO), these devices are hardly able to detect debris under 10 cm, whereas for geostationary Earth orbit (GEO) they can track debris from 1 m 1) . Thus these values are out of our interest size range. Other possibilities consist in setting up devices directly on board of spacecrafts, and then inspect the retrieved surfaces. This method presents non negligible drawbacks such as devices heaviness, long time for accessing the data as well as unknown time at which a debris impacted. As a matter of fact this kind of debris detection systems can weigh several tons like the Hubble Space Telescope with its payload of 10.8 tons or the Long Duration Exposure Facility with a mass of 9.7 tons 1) Then, once their mission is achieved, after a year or more, the inspection of surfaces can start and take months to gather the data. Thereby, in spite of the useful information provided by these data, they are not utilizable before a couple a years after the launch of the spacecraft, which is penalizing for the design of future spacecrafts.
To overcome both time and mass issues, in-situ detection systems have been developed. When an impact occurs, data are registered on a unit processor and then downlink to ground. One of them, the Debris In-Orbit Evaluator (DEBIE), weighs less than 3 kg, is low power consuming, about 3 W, and has been designed to detect particles of the micrometer size 1, 7) .
The debris sensor proposed in this article also belongs to the in-situ debris detection systems and has for purposes to be light, 23 g, and to provide instant data on debris sizes ranging from 100 μm to 1 mm, which is the less investigated size range.
Debris Sensor Short Story

Origin of the Idea
The original idea of an in-situ space dust sensor comes from the collaboration between IHI Corporation and the Institute of Q-shu Pioneers of Space (iQPS). They developed an active flexible sensor weighing less than a kilogram, being low power consuming, and unlike passive sensors, it is possible to utilize it on non-retrievable surfaces and to get real-time data 8, 9) . IHI and iQPS's debris sensor is composed of conductive lines and a detection circuit. There are 8 flexible bands, each containing 125 copper lines for a total of 1000 conductive lines. A line is 50 μm wide, the distance between them is 100 μm, and the thickness of each band is 25 μm 10) . Regarding the detection circuit it is constituted of multiplexers and PIC microcontrollers, which verify the state of each line, broken or not. More precisely, when a line is impacted by a debris, the line is cut, which means that the current cannot flow through them anymore. This lack of "current flow" is registered by the electronic components and the information is then transmitted to ground stations. Depending on the number of broken lines, the sensor is also able to estimate the size of the impacting debris. The whole weighs 160 g for a flexible part of 100 mm by 100 mm and a total area, with the detecting circuit, of 270 mm x 190 mm, as shown on fig. 1. 
Small satellite project and debris sensor
Originally IHI and iQPS's sensor should have been mounted on a small satellite built at Kyushu Institute of Technology (KIT) in the form as presented before. Unfortunately due to the smallness of the satellite, the sensor could not have been installed in its original form. Therefore a new design was developed in agreement with IHI and iQPS, which fully participated to the project.
Small satellite project
Since 2007 a small satellite project has been created at KIT under the name of Horyu. This year, Horyu II is under development on which the debris sensor is one of the missions. Horyu II has a "mushroom form" with dimensions of 280 mm x 280 mm x 280 mm for a total weight of about 7 kg. It has nine missions: 1) High Voltage Solar Array (HVSA) for the generation of 300 V at low Earth orbit; 2) Transparent Coating (TC) for arcing mitigation; 3) Film for Mitigation against Arcing (FMA); 4) Cell Degradation (CD) to verify solar array degradation by discharge; 5) ELectron-emitting Film (ELF); 6) TREK to determine the surface potential; 7) Electro-Static Analyzer (ESA); 8) Camera (SCAMP) from Horyu I; 9) Q-shu Debris Sensor (QDS) to count the number of debris impacts. Horyu II is a two years project, which begun in 2010 to finish in the end of 2011 by its launch by the Japan Aerospace Exploration Agency (JAXA) on a HII-A rocket. It will operate in polar orbit for one year. At the end of its mission period, Horyu II will be deorbited within 25 years to answer the requirement established by JAXA in its mitigation standard (JMR-003) 11) . 
Debris sensor's final design
Considering the dimensions of Horyu II and the number of missions to be mounted, it appeared that it was impossible to keep IHI and iQPS's debris sensor in its original form. Thereby to overcome the dimensions constraints, a new design was created and named QDS. The sensor is a square board with each side measuring 90 mm for a mass of 23 g (without harness). On the front face, layer 16, is the detecting pattern forming by the copper lines, which is thus the face exposed to space debris environment. A line is 127 μm wide and the distance between a line and its neighbor is about 190 μm. On the rear face, layer 1, are the electronic components, which will face the inside of the satellite. Among them are four 32 channels multiplexers and a PIC 16F877A microcontroller. Thus the number of detection line is 128. These components have been placed on the rear face thanks to the through-hole technology. The board is composed of four layers, which represents a total thickness of 609 μm. According to the manual plan of the board manufacturer, the copper lines, layer 16, are themselves recovered with a solder mask of a thickness between 15 and 25 μm.
QDS mission 2.3.1. Overview
As for IHI and iQPS's sensor, QDS has been designed to count the number of debris impacts and estimate debris size depending on the number of consecutive broken lines for an exposition of one year in polar orbit. As line width and distance between lines are larger than IHI and iQPS original sensor, the minimum size of detectable particles is thereby greater than 100 μm, about 130 μm.
Programing
To verify the state of each line, a program had to be created and implemented in the PIC microcontroller. There were two kinds of program, both edited in C language. The first program was used to observe the data on a computer screen whereas the second transmit low or high signal to Horyu II's on-board computer (OBC).
Programs state that at the wake-up signal from OBC, each line of each multiplexer will be verified. In their normal state, non-broken, lines are set to be at a high level, logic 1.
Therefore if one of them is broken, logic 0 will be sent to OBC.
Experimental Setup
Each Horyu II's missions followed three phases: 1) bread board model (BBM); 2) engineering model (EM); 3) flight model (FM). For each phase a series of test, depending on each mission, have to be passed in order to be accepted on board of the small satellite. At the writing time, the project is at the EM phase and below are reported the tests that debris board EM underwent.
Hypervelocity impact test
To test the capability of the sensor to detect debris, the lines' capacity to be broken by debris of the micrometer size had to be tested. For this purpose a two-stage light gas gun (2SLGG), based at Kyushu Institute of Technology, has been utilized. Two types of projectiles were used: alumina and steel. Alumina was provided by Pacific Rundum Co., LTD. It was a white fused alumina 50A containing 99.7% of alumina (Al 2 O 3 ) for a bulk density of 1.76 g.cm -3 . Particles belonged to the F-60 category indicating that their size ranges from 212 μm to 300 μm for an average size of 250 μm 12) . The steel particles were made of stainless steel grade 304, SUS304. They were provided by Fukuda Metal Foil and Powder Co., LTD. and their sizes were comprised between 300 μm and 355 μm for a density of 7.9 g.cm -3 13) . The ignition was performed with gun powder supplied by Nippon Kayaku and smokeless powder, DC-435, provided by Daicel Chemical Industries LTD. Projectiles were shot perpendicularly to QDS board.
Thermal shock test
To test the behavior of QDS board's electronic components, a thermal shock test was carried out at KIT in a Despatch 900 Series chamber model 925E. The temperature was measured thanks to thermocouples and the whole system's error was less than 1%.
Vibration test
Once mounted on Horyu II, QDS board has to stay on board, which means to pass the vibrations involve by the launch phase and not detached to ensure its working. Therefore a vibration test was performed on the small satellite with all the systems as planned to be attached for the flight. To perform the vibration test, the model F-35000 BD/LA36AP of vibration testing system was utilized as well as accelerometers model 710-C, 731-B, and 702-B3. All were manufactured by EMIC Corporation. For the data analysis, the software LabView DAQ (NI9215) was used. Horyu II underwent different types of vibrations types, which are described in table 1 and table 2 shows the order of the different vibrations modes. 
Results and Discussion
Verification procedure
To decide if a test was passed or not, a verification procedure for QDS was established. It is articulated around three verification types. Firstly is the visual verification, which consists of the observation of the different board components and note if their state was modified after the test, for instances if pins were melted or if components detached. Secondly is the voltmeter verification for which the state of copper lines, i.e. broken or not, is checked. Finally is the computer verification, which involves the connection of QDS to a computer and check if the displayed data on the screen correspond to the data displayed before the test.
Hypervelocity impact test
For the experiment with alumina, there were about 300 particles launched at 4.8 km.s -1 , whereas for the stainless steel experiment, there were about 250 particles launched at 4.1 km.s -1
. For both experiments, the pressure was equal to 6 kPa in both sabot separation and target chambers.
Craters diameter
First T t,lim , has been calculated to evaluate the capability of QDS to withstand a perforation. It is given for a single-wall by 1) : (2) It gives: As the board is only 609 μm thick, it will be undoubtedly perforated with the steel particles whereas for the alumina particles, it will depend on K 1 value. The experiments demonstrated these observations and shown that alumina particles penetrated without perforating the board. Therefore for the calculation of crater diameter, two types of equation were used. The impact crater equation on a semi-infinite single-wall for alumina 1) :
And the impact damage equation for a fully perforated target for SUS304 is 1) :
These give for theoretical crater diameter the following results: These values have been compared to the craters observable on QDS board and it turned out that for Al 2 O 3 , K 1 is close of 1.08 and for SUS304, the experiment could be associated to Maiden's parameters 1) . Nevertheless these results should be treated with precaution because the theory to which they were compared is based on a ductile target material, whereas in our case the target is a composite material, which possesses a more complex behavior not much investigated so far.
Probability of no penetration
With MASTER2005 model, the impact flux has been estimated for particles between 100 μm and 5 mm. Using the relation (1), n for different particles sizes is: Thus the number of impact is very low. This can be explained by two factors. First factor is the smallness of the sensor, which whole area is 81 cm 2 and 21 cm 2 when considering only the area formed by the conductive lines pattern. The second factor is the mission duration of only one year. In addition of them it should also be taken into consideration that the MASTER2005 model does not take into account the last breakup events, such as the breakup of the Fenyun-1C spacecraft in 2007, which increased the debris population of 15% 14, 15) or the collision between Iridium 33 and Cosmos 2251 satellites in 2009 16) , which creates many new debris. From the impact flux result, the probability of no failure, commonly designated as the probability of no penetration (PNP), can be calculated. It characterizes the measure of the survivability of a space object in function of its size and geometry, its structure, its orbit and attitude, and its exposure time to space debris and meteoroid environment 1) . PNP is deduced from the impact flux calculation using the following relation:
(5) Theoretically the minimum detectable size diameter is 127 μm, which gives: PNP = 0.645 (6) Nevertheless the experiment with alumina particles demonstrated that some particles did not break the line, which might indicate that 230 μm is the real minimum detectable particles size for which: PNP = 0.972 (7) These PNP are high indicating that regarding its size, its location in space, and the mission time, QDS will probably not be subjected to the impact of a debris, at least in its detectable sizes range.
Test result
Concerning the verification procedure, there is no real conclusion for HVI test. As a matter of fact, the experiment with SUS304 particles perforated the board, breaking the connection lines between the electronic components making impossible to perform the computer verification. Nevertheless visual and voltmeter verifications were passed. On the other hand, for Al 2 O 3 particles experiment, not only the particles did impact on the target but also the sabot, which hold them. Therefore the sabot perforated the board leading to the same issue as for steel particles experiment.
Presently the two-stage light gas gun is being improved to avoid this "sabot mistake" and in a close future experiment will be carried out again to confirm the possibility to access the data with a computer after a HVI test.
Thermal shock test
Debris board undergone 23 thermal cycles with a temperature comprised between -80ºC and +80ºC. One cycle begins at 0ºC, the temperature is raised to 80ºC, and then the system is refrigerated at -80ºC, and finally goes back to 0ºC. Each cycle lasts 20 minutes.
All verifications mentioned in the verification procedure were successfully executed. No components detached or partially melted, and data record after the test was exactly the same as before the test. Consequently thermal shock test was passed.
Vibrations test
QDS board is maintained on the -Y panel thanks to four screws of a 3.2 mm diameter as shown by fig. 5 . To keep the electronic components as safe as possible regarding the harsh space environment, a square hole has been created in the satellite's panel.
After the vibrations sequence, QDS board or its components did not detached and the board could be analyzed following the verification procedure. As for the thermal shock test, data were not affected and was displayed on a screen as before the test. 
Conclusion
IHI and iQPS debris sensor was modified to be adaptable on a small satellite project, named Horyu II, which construction takes place at Kyushu Institute of Technology. In honor of its designers, the sensor was named QDS for Q-shu debris sensor. The board is a square with each side measuring 90 mm for a total weight of 23 g. On the front face is the pattern formed by the copper lines, which constitute the impact detection area. On the rear face are the electronic components to control each line state and then send the data to OBC, which will finally transmit the data to the ground station.
In comparison with the original version QDS possesses a smaller detecting area. The latter in association with a mission time of only one year results in a low number of micrometer size debris impacts estimation. Moreover the precision of the detecting area is also lower than original sensor with a minimum detectable particle size of about 127 μm assuming that a space debris will impact precisely on a copper line. Otherwise the minimum detectable particle size will be about 230 μm. Regarding this size range, QDS's size, orbit and mission time, the probability of no penetration has been deduced from the impact flux calculations given by MASTER2005 model and is equal to 97.2%. This is a high value, which is usually a good point for the survivability of space systems. Unfortunately in our case it represents only 2.8% chance to have a debris impacting on the sensor. But we stay optimistic and the chance might be on our side.
In spite of the low probability that an impact occurs, the active in-situ space dust detector principle has been successfully demonstrated. Therefore it is a very promising light and low-cost system capable of providing instant data on the space debris population.
